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1.0 


PURPOSE 


The purpose of this document is to present the proce- 
dures used and the test results obtained during an 
evaluation program. The test program was conducted to 
obtain the £ollo\»ing performance data and information 
on the Calmac solar collector: 

• Thermal performance data under simulation 
conditions . 

• Structural behavior of the collector under 
static loading conditions. 

, Effects of long-term exposure to natural 
weathering elements. 

The tests were conducted utilizing the MSEC Solar Simu- 
lator in accordance with the test requirements specified 
in Reference 2.1 and the procedures contained in Refer- 
ence 2.2. 

2.0 REFERENCES 

2.1 ASHRAE 93-77 Method of Testing to Determine the 

Thermal Performance of Solar Col- 
lectors 

2.2 MTCP-FA-SHAC-400 Procedure for Operation of the MSEC 

Solar Simulator Facility 

3.0 COLLECTOR DESCRIPTION 


Manufacturer: Calmac Manufacturing Corporation 

Manuf acturer ' a Address: 150 South Van Brunt Street 

Englewood, N.J. 07631 

Model Number: None shown. 

Serial Number: 01 

Type* Flat Plate 

Working Fluid: Water 

Gross Collector Area, ft^: 34.33 ft^ 

Overall external dimensions: 

Width/ inches: 50.31" 

Length, Inches: 98.25" 

Thickness, Inches: 3.75" 

Aperture area, ft^: 29.3 ft^ 
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3.0 rOM.KCTOR PKSCKIPTION (Continued) 

Collector glazing: Single (.040 FibcMglJS reinforced 

Polyester (Kalwcill) 

Weight, lbs: Empty: 7H’. 5 lbs. 

Full: H3.5 lbs’. 


Absorber Plate: .002" aluminum plate with plastic 

tubes coated with Urethane Black. 


4.0 SUMMARY 

Results of performance evaluations of collector effi- 
ciency, thermal response time, and incident angle modi- 
fier are presented in Section 6. Graphical presentations 
of the collf'ctor thermal response time, collector effi- 
ciency and incident angle modifier are contained in 
Figures 3 through 5. 

Measu rc*ment s of stagnation temperature during the pre- 
conditioning evaluation and structural load evaluations 
were not performed during this test program du6 to the 
collecttir construction. 

Tt is noted that the manufacturer limits the maximum 
operating temperature to 210®F and the inaxiimtm operating 
pressure is specified to bo 20 psig. 


2 



5.0 TPST rONDITIONS AND TKST K<JU I PMK^f^r 

5.1 Ainl)i«'nt t tons 

Dnli»Hs ot>)oiwis»» spocifit*«l hiMoin, .ill tests were 
pt*tfointo»1 .it .iml)i(>nt. corulilions existing in Building 
46 19 .it the time of the tents. 

5.2 T nnt I ument .It i on .iiul Ktjii i iMm»n^ 

All test I'liu i pment .itui i nsl i ninent .it i on lined in the per- 
foim.uioe of tins t<’st pn'tgi.iin I'omply with the leijiiiic- 
inontn of MSFC MM I - 100 . 4(’ , MiMmlotiy .ind I'.i 1 i bi a t i on . 
T.ible 1 cont.iinn i n;i I i iimcnt ,it i on i tlenl i I i o.it i on .ind d.it a 
.U'ljui r. i t i on ei>nn«’el i on d.it.i. T nst i ninent .it i on loc.it ions 
on the test loitp .iiul t'olleetor .iie ilepicted in Figure 1. 
A listing of the egnipinent used in e.ieh test follows. 


App.i r .it us 

M.inu f .ic t u 1 er/Mode 1 

R.inije/Accur acy 

Pl.it ilium Resist .nice 
Tlu'i miiiiK'ler 

Supplied by Collector 
M.inu f .Id urer 

0-500"F + 0.5"F 

Py r.inoiiiet «»r 

Kppley - PSP 

0-800 HTU/Ft^-Mr 
t 3% 

Liquid Liiop 

MSFC .Supplied 

.1 - 2.5 C.PM 

ni rt'Ct i on.i 1 AneinonuM er 

Supp 1 ietl by AMC 

0-30 MPH 

F 1 ow Me ter 

Fischer k Porter/ 
10A3565SZ 

.1 - 2.2 ± .01 GIM 

Pl.it in urn Resist .in CO 
The rmomet er 

My -Cal 

0-500”F t 0.5*F 

.St lip rh.ii t Recoider 

Mosley 680 

5-500 MV t 2% 

Floor F.in 

MSfC .Supplied 

N/A 

Sol.ir SiiiHil.it or 

MSFC Supplied 

See SHC 3006 

Differential Pressuto 
Ti ansduce r 

St .it h.im 

0-10 PSID 


All 1 1 .insiluee t s with the .•xeeption of the Kpploy PSP pyranometer 
usotl in le.'oiiling test d.it .i .n e e.ilihr.itcd by either NASA or AMC 
r.i 1 i bi .It i on 1 .iboi .it or ies .is reqniii'd by M.SFC MMI 5300. 4C. The PSP 
py I .inoinet er w.is e.ilibr.ited by the m.muf.ict uier . The stated accuracy 
of individual tiansdiieeis let loots the overall expected accuracy 
fhiougli the d.it a .icguisition system. 
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TK ST CO NDITIONS AND T KST KQUIPMKNT (Continued) 

D.^ta S ystems 

Test data obtained during simulator tests are trans- 
mitted from MSFC Building 4619 (test site) through pri- 
mary data acquisition system 13 to the real time data 
link and the DDP-224 computer located in Building 4646. 

A separate data link between Building 4646 and 4619 pro- 
vides for printout of real time data at the test site. 

A listing of all instrumentation by function, typo and 
corresponding data recording sy«’tem is indicated in 
Table I. 

The end-to-end accuracy of data derived from system 
testing is subject to an error analysis which accounts 
for all inaccuracies in the transducer, signal condi- 
tioning, signal transmission and computer processing 
methods. Since a formal systems error analysis will 
not bo done, confidence in printout accuracies are 
established by installing calibrated "parallel" trans- 
ducers and direct readouts at key points in the system 
and performing comparison checks from time to time 
before, during and after tests. The results of such 
checks together with a review of the data for anomalies 
indicate that the data presented :s suitable for the pur- 
pose intended. 
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6.0 TKj;^T UKCniKKMKNTS AND P 

6 . 1 Cl^ 1 1 PtM or P I i ( i <jn in q .tn ti S t .xjn . Tt i on Tost 

Tt'slnd Dy B. Henderson 
St.irti?d 4/10/78 ' 

Completed 4/13/78 

6.1.1 R pqui re mo nt 

The collec»or nh 1 bo mounted on an outdoor passive 
test stand at an anylc of 4b* from the horizontal and 
faeinq south. The in1c>t and outlet ports to the col- 
lector shall be caijped to prevent flow. The upper cap 
shall cont.iin a small vent hole. The preconditioning 
shall consist of at least three tlays exposure during 
which the mean inciilent solar railiation measured in 
the plane of the colh*ctor shall bo 1500 BTU/Ft^'day. 
During this pt econd i t i oti i ng , .he following data shall 
bo recorded within two Irouts of solar noon when the 
insolation is constant and above a minimum of 200 BTU/ 
HfFt^ in the plane of the collector. Data recorded 
shall be the average for at least a 20 minute period 
at <juas i -St e rdy state conditions. 

1. Insolation rate. 

2. AmbiiMit t lunper at ure . 

3. Wiml Velocity <rnd direction. 

4. Absorber surface temperature at either 4 or 5 
locations. (Not instrumented) 

6.1.2 Pjrocedurq 

1. Mount test specimen as described above. 

2. Connect i nst rument at i on . 

3. Record data as described above. 

6.1.3 Results 


The following data sheet shall bo used to record those 
stagnation conditions. 


' - 

7a to 

Ti me 

Insol at ion 
Rate 

BTU/Ft^ -Hr 

Ambient 
Tempo rature . 
“F 

Wind 
Dir/Ve 1 
deg/mph 

Absorber Plate Tomp.,*F 

TlOl 

T102 

T103 

T104 

T105 


Total e 

xposure 3 da; 

's at 


Not 

insti 

ument 

»d 


- 

1500 DT 

U/day . 



due 

to cc 

llect 

3r 






cons 

truci 

ion. 




* T105 is .m optional temperature sensor installed by 
some m.inufact u r e rs . 
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6.C 


6.2 


6 . 2.1 


6 . 2.2 


TK ST HKQ UI KKM K NT S D P ROCK DU Rh^S (Continued) 

Colle ctor 'Nme Con s tant T est 

Tested By B. Hende rson 

Started "?Z32/76 

Completed 5/22/7B 

Requirements 

The collector time constant shall bo determined by 
abruptly reducing the solar flux to zero. This will 
be done with the inlet temperature adjusted to within 
t 2"F of ambient while the liquid is flowing at 14.7 
Ibm/hr’ft^. These are recommended flowrates. The 
manufacturer's flowrates should be used when specified. 
The differential temperature across the collector shall 
be monitored to determine the time required to reach 
the condition of: 


i^T(t) 

^Ti 


.368 


where ^iT(t) is the differential temperature at time t 
after the solar flux is reduced to zero and AT^ is the 
differential temperature prior to the power down of the 
solar simulator. The liquid to be used as the collector 
heat transfer medium shall be as specified by the m^mu- 
facturer. If this liquid is not specified, use water as 
the fluid. 


The following data will bo recorded for the test: 

(1) Solar flux. 

(2) Ambient temperature. 

(3) Inlet liquid temperature. 

(4) Collector differential temperature. 

(5) Liquid flow rate. 

(6) Specified heat transfer medium. 

Procedure 


1. Adjust the liquid flow rate to 999 . 6 Ibm/hr.* 

2. Adjust the inlet temperature to ambient t 2“F. 

3. Power up the solar simulator and establish a solar 
flux level of 260 BTU/Ft^‘Hr. 

4. Establish wind speed of 7.5 mph . 

• These are recommended flowrates. The manufacturer's 
flowrates should be used when specified. 


6 


6.0 TKST Rj:QU1REMENTS and procedures (Continued) 

6.2 Coll jccor Time Constant Teet (Continued) 

6.2.3 Results 


The thermal response timr \if the Calmac collector was 
determined to be 1 minute and 44 seconds. Experimental 
results are shown gtaphically in Figure 3. Data analysis 
nw-'*hods are described in Section 7.1. 
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O.O Tj-^ST HKQU 1 HKMKNTS AND PHOCKD UKKS (Contlnuod) 

6.3 l ecto r Eff icie n cy T est 

Tested By R. Heini sch. Jn, 

Started .5/1^78 

Completed 5/1/78 

6.3.1 Roqui rements 

Utilizing the MSEC Solar Simulator and the* portable 
liquid loop, parametric performance evaluation data 
shall be recorded of the following test variables and 
conditions. The liquid to be used is the manufacturer's 
recommended heat transfer fluid. It not specified, the 
test shall be performed using water as the working 
fluid. 

Variable/ C ondit ion 

(1) Collector inlet liquid 
temperature differential 
above existing ambient 
temperature level 

(2) Collector outlet liquid 
temperature 

(3) Incident solar flux level 
1 iquid 

(4) Liquid flow rate through 
collector (Ref. 2.1, area 
based on aperture) 

(5) Wind speed 

(6) Ambient air temperature 

6.3.2 f roce dur e 

1. Mount test specimen on test table at a 45" angle 
with reference to the floor. 

2. Assure that simulator lamp array is adjusted to an 
angle of 45® with reference to the floor. 

3. Using the procedure contained in Reference 2.3, align 
the test table so the test specimen's vertical center- 
line coincides with the vertical centerline of the 
lamp array and the distance from the loop of the test 
specimen to the lens plane of the lamp array is 9 feet. 

4. Insulate all liquid lines. 

5. Connect instrumentation leads to data acquisition 
system in accordance with Table I. 


Requirement 

0"F, 25"F, 50"F, 75"F 
and 100"F 

Measured data 

250, 300 BTU/Hr*Ft2 ®F 

14.7 Ibm/hr • ft^ 

7.5 MPH 

Existing room condition 
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6.0 


I 


TKST HKQU IRKMKNT S AND PKOCEDURES (Continued) 

6.3 ^Hector T'^jrmal Efficiency Teat (Continued) 

6.3.2 P roce dure (Continued) 

6. Assure tiiat data acquisition system is operational. 

7. Perform sensor accuracy verification tests. 

8. Establish required wind speed. 

9. Start liquid flow loop and establish the required 
flow rate. 

10. Establish the required inlet temperature. 

11. Power up solar simulator in accordance with Refer- 
ence 2.2 and establish the required solar flux level. 

12. Record data for a minimum of five minutes at these 
stabilized conditions. 

13. Repeat Steps 9 through 12 as necessary to complete 
all the required test conditions with independent 
tests as specified below: 


j Inlet Liquid 

I Temperature 


! Test 

i No. 

Di t ferent i a 1 
Above Existing 
Ambient Temp,, 

"C__ 

Solar Flux 
BTU/HfFt^ *F 

Liquid 

Flow 

Rato 

LBM/HR 

Wind 
Speed 
MPH _ 

. 1 

1 

0 

250 

999.6 

7.5 

1 

; 

0 

300 

999.6 

7.5 

1 

1 3 

1 

25 

250 

999.6 

7.5 

1 

4 

25 

300 

999.6 

7.5 

5 

1 

50 

250 

999.6 

7.5 

6 

50 

300 

999.6 

7.5 

7 

75 

250 

999.6 

7.5 

8 

75 

300 

999.6 

7.5 

9 

1 

100 

250 

999.6 

7.5 

1 10 

100 

300 

- 931^ 

7.5 
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6.0 TEST REQUIREMENTS AND PROCEDURES (ContJ.nued) 

6.3 Collector Thermal Efficiency Test (Continued) 

6.3.2 Procedure (Continued) 

14. Upon con^pletion of testing » power down simulator 

and liquid loop in accordance with Reference 2.2. 

15. Inform data control group that simulator operation 
has terminated. 

6.3.3 Results 


Results of thermal efficiency tests are depicted graph- 
ically in Figure 4. Supporting data obtained during 
the test are presented in Table II. The methods of 
data analyses are described in Section 7.2. 
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6.0 


TKf>T HKQUI RKMhiNTS AND I’.WH'KW.RhlS (Continued) 

6.4 Incident An«jlc M>difier 

Ti’flteiJ By B, Hendersoa 

Started _5/2/78 

Completed 5 / 2/78 

6.4.1 R oqu i remen t 8 

The collector incident an«jle modifier shall bo deter- 
minetl by tiltinq the collector at 30®, 40“ « ‘jO* and bC" 
with respect to ll»u solar simulator surface. The liipiid 
I low rate shall bo 999. 6t 2 Ibm/hr with tho inlet 
ttMiiperaturo <'ontrollt?d to withTn t. 2“K of ambient. The 
ittsolation rate shall bo 250 BTU/Ft^*Hr. Tho liquid to 
bo usotl is tho m «nuf act ui o r ' s rocoimnendod Iluid. If 
ru)t specified, tho tests shall bo perfoimed uslnq water 
as the heat triinsfer medium. Tho following data shall 
bo recorded during tho tests. 

(1) Colli*ctor tilt angles. 

(2) Ambient air temperature. 

(3) Collector inlet liquid tomporature. 

(4) Collector outlet litjuid temperature. 

(5) ColU?ctt)r differential temperature. 

(6) i’l ll(?ctor ditferential pressure. 

(7) Incident solar flux level. 

(8) Iii(]uid flow rate through the collector. 

6.4.2 Procedure 


1. Set up collec'tor at required tilt angle. 

2. Establish required flowrate. 

3. r.stablish reijuired inlet temperature. 

4. Krtablish sol.rr simulator flux level at 250 BTU/FL^* 
n.' and measure the flux levels at 9 locations on the 
collector surface and record on data sheet. 

5. Record data for five minutes at above stabilized 
condi tions . 

6. Repeat .ibove steps as necessary to obtain required 
data for each tilt angle. 
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6.0 i’KST HKQUIKKMKNTS AND PHQC .KD UHKS (Continued) 

6.4 Tnridont Anglo Modi fier T est (Continued) 

6.4.3 Resets 


The following d.ita sheet <^as utilized to record 
steady state data for the incident an«jle modifier 
teat . 


Collector 
Tilt Angle, 
Deg rees 

30 

40 

50 

60 

0 

Average Solar * 
Tnsolat ion Rate , 
hTU/Hr -KL^ 

216.0 

179.8 

143.7 

118.5 

255.0 

Ambient Air 
Temperature, “F 

72.2 

72.1 

71.2 

72.5 

71.1 

Collector Inlet 
Temperature, “F 

73.0 

73.0 

72.7 

73.3 

73.1 

Col led or Outlet 
Toinperat ure , ®F 

78.0 

77.1 

75.9 

75.9 

79.0 

Col lect or 
Pi f ferent ial 
Toniperature , “F 

B 

4.1 

3.2 

2.6 

5.9 

Flowrate through 
Collec«or, ibm/hr. 

999.6 

999.6 

999.6 

999.6 

999.6 


N 

0 T M 

■ 

■ 

RED 


Incident Angle 
Modifier, 

1.0 

.99 

.966 

.95 

1.0 


* Data measured to obtain average ipsolation 
rates are to be recorded on the following 
slieet . 

The resulting incident angle modifier values are shown 
graphically in Figure 5 as a function of the angle of 
incidence. Methods of data analysis are described in 
Section 7.3. 
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MIASUREO INSUI ATION RAIES AS A f UNCI ION OF COLLECTOR TILT ANGLE 
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7.0 


ANALYSIS 


7 . 1 Tirric Constant Test 

Two methods are proposed by ASHRAE 93-77 for conducting 
a time constant test. However, due to facility limita- 
tions, only the first method could be used. This method 
consisted of shutting down the simulator and maintaining 
a constant flow rate and inlet temperature while: obtain- 
ing data. 

According to the definition of time constant given in 
93-77, it is the time required fo*- the ratio of the 
differential temperature at time T' to the initial differ- 
ential temperature to reach .368. It can be expressed as 

• . 368 (1) 

Tf,e,ini - 

if the inlet liquid temperature can be controlled to 
equal the ambient air temperature, 

where : 

Tf 6,2" * Exit liquid temperature at time 

Tf » Inlet liquid temperature 

Tf e,ini “ Initial exit liquid temperature. 

From Figure ^ the time constemt was determined to be 
1 minute and 44 seconds. 
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7.0 


ANAI.YS 1 S (Continued) 


7.2 


Thermal Perfoimanco Test 


The analysis of data contained in this report is in 
accordance with the National Bureau of Standards recom- 
mended approach. This approach is outlined below. 


The efficiency of a collector is stated as: 


7L 




^tf (*^f,o ■* ^f,i) 


( 1 ) 


whe re : 

A 

I 

m 

Ctf = 
^ f ,o 

tf,i = 


rate of useful energy extracted from the 
Solar Collector (BTU/Hr) 

Gross collector area (Ft ) 

Total solar energy incident upon the plant of 
the solar collector per unit time pi'r unit 
area (BTU/Hr-Ft^) 

Mass flow rate of the transfer liquid through 
the collector per unit area of the collector 
(Lbm/Ft^-Mr) 

Specific heat of the transfer liquid (BTl»/hb • "F) 

Temperature of the transfer liquid leaving the 
collector (®F) 

Temperature of the transfer liquid entering the 
collector (®F) 


Rewriting Equation (1) in terms of the total collector 
area yield: 

(mA)Ctf (tf^e “ ^f,i) ^t f (^f,e “ ^f,i) . . 

7l a a (2) 


(lA) 


Notice (hat: 

=» lA =» Total Power Incident on the Collector. 

itiA = M a Total Mass Flow Rate through the Collector. 

Therefore M C^f(tf e “ ^f i) “ Total Power Collected by 
the Collector. * 
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7.0 


ANALYSIS (Continufid) 


7.2 Thermal Performance Test (Continued) 

Substitution in Equation (2) results in: 
>t. m Pabs 

where : 


Pabs " Total collected power 
Pine » Total incident power 

This value of efficiency is expressed as a percentage by 
multiphying by 100. This expression for percent efficiency 
is : 


Collector Efficiency « x 100 


(4) 


or from Equation (2), collector efficiency is defined by 
the equation: 


% Eff. 


A Ctf (tf^e 
Pi 


X 100 


(5) 


Each term in Equation (5) was measured and recorded inde- 
pendently during the test. The calculated values of 
efficiency were determined at sixty-second intervals. 

The mean value of efficiency was determined over a five- 
minute period during which the test conditions remained 
in a quasi-steady state. Each five-minute period con- 
stitutes one "data point" as is graphically depicted on 
a plot of percent efficiency versus 

( (ti - ta /I ) 

where : 

tj^ =» Liquid inlet temperature (®F) 
ta “ Ambient temperature (®F) 

I * Incident flux per unit area (BTU/Hr*Ft^) 

The abscissa term ({t^ - t,) /I ) was used to normalize the 
effect of operating at different values of I, t^ and t^. 


The result of second order polynomial analysis is shown 

in Figure 4. The second order polynomial to best describe 
the test results is: 


% Efficiency 


^0 


+ a 


+ a 2/ 
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7.0 


ANALYSIS (Continued) 


7.2 Thermal Performemce ( Continued) 

whe re t 

C - (ti - t^)/I 

and the coefficients are determined to bet 

8q ■ 62.67; aj^ ■ -101.90, and S 2 ■ -9.19 
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7.0 


ANALYSIS (Continued) 


7.3 


Incident Angle M odi fier Test 

Two methods are proposed by ASHRAE 93-77 for incident 
angle modifier tests. For the MSFC Solar Simulator 
Facility, only method 1 (tilting the collector) is 
applic^d}ie. The collector was adjusted so that the 
incident radiation angles were 23*, 45* and 60* to the 
normal of the collector surface. 


According to 93-77, the incident angle modifier is de- 
fined as 


whereof ■ efficiency at tilted angle 


( 1 ) 


" Intercept of efficiency curve at 
normal incident angle 


For equation (1) to be applicable, the inlet liquid 
temperature must be controlled to within i, 2*F of the 
eunbient air temperature. 


The results of this computation are shown in Section 

6.4.3 and are plotted against incident angle in Figure 
5. 


18 


DESIGNATION OF INSTRUMENTATION FOR SIMULATOR TESTS 
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Installed by Collector Memufacturer 



CALMAC LIQUID COLLECTOR 
THERMAL PERFORMANCE TEST DATA 
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^ - Platinum Rasistance Thermomatar (PRT) 
0 - Tharmocoupla 

o - Flow Mat^r 
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12 (Typ.) Load Frame 



fill To Proper I evel 
For Required loading 



2x6 (Typ.) Mounting Frame 



FIGURE 2. Test Setup for Static Load;*. 
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